i & CL:F'IYY. CI:“'.J“M'.A;(')N OF TH!S FmuGE ‘When DNara Frrered) - <
READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
! REPORT NUMBER 2. GOVT ACCESSION NO.J 3. RECIPIENT'S CATALOG NUMBER
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED
Scattering properties of a moving dielectric Final Technical
object Nov 83 - Oct 84
6. PERFORMING ORG. REPORT NUMBER
7. AUTHOR(e) 8. CONTRACT OR GRANT NUMBER(s)
Rosalba Saija DAJA45-84-C-0005
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT PROJECT, TASK
. . AREA & WORK UNIT NUMBERS
Instituto della Struttura della Materia 61102A-IT161102-BH57-01
Universita di Messina
Italy
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
USARDSG-UK October 1984
PO Box 65 13. NUMBER OF PAGES
FPO NY, NY 09510 42 (forty two)
14. MONITORING AGENCY NAME & ADDRESS({! different from Controlling Otfice) 1S. SECURITY CLASS. (of thla report)
Unclassified
AD-A151 9
1Sa. DECL ASSIFICATION/ DOWNGRADING
SCKREDULE
16. DISTRIBUYTiUN ST ATEMENT (of thie Report)
Approved for public release; distribution is unlimited
17. DISTRIBUTION STATEMENT (of the abetract enlered fn Block 20, It dilferent from Report) )
i ~TE

8. SUPPLEMENTARY NOTES \ -
- '-J l,.:.u

‘I
P oM o BT

1. KEY WORDS (Continue on reveree alde {! necessary and identify by biock number)

: Optical scattering; dielectric objects: aerosols; chemical reactions;
resonance scattering; nonspherical scattering; ¢2,.0.0:"

20. ABSTRACYT (Cantioue en reverss side }{ neceesary and ideniify by diock number)

/ This report deals with the¢ scattering properties of a moving nonspherical
object modellized as cluster of spheres. Two particular aspects of the
prchlem are studied:

1. The effect of the changes of sheix of the scattercrs as a consaguence of
matual collisions: and

2. The effect of a very high and very low refractive index on the scittering
vroverties of a particle with possitle onset of resopance scatiering

FORM
DD | ,an » W73 EOIMON OF ' HOV 6515 OBSOLETE

Unclassified

SECURMTY CLASSIFICATION OF THIS PAGE (When Dete Entered)

pTiC 71t COPY & 03 13 239




"

DSCLATNER OTICE

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE  LEGIBLY.



L "l e, T B S oA e el h AT e R b s e s i S B i il = ol e i e B ) e R Bl . S Bl B e R Bl B B TRt B B B el B Salle SESReRE e Sl L B S TR L T

SCATTERING PROPERTIES OF A MOVING DIELECTRIC OBJECT

Final Technical Report

by %i

1

R. Saija ¥ 3

s . L
Principal Investigator -
Decenber 1984 .

-3

United States Army ::

EUROPEAN RESEARCH OFFICE OF THE U.S. ARMY ;}

London England

CONTRACT NUMBER DAJA4S5 - 84 - C - 0005
Contractor: Prof. V. Grasso, Director of
Istituto di Struttura della Materia

Universita di Messina

Approved for Public Release; distribution unlimited




-
£
PR

b

AL

&

Scattering Properties of a Moving Dielectric Object ii

FOREWORD

. L

This report deals with the scattering properties of moving dielectric ﬁ!

non-spherical objects, a subject that has been treated in strict collaboration ‘ES
with profs. F. Borghese, P. Denti and G. Toscano, University of Messina, Istitu-

to di Struttura della Materia, and with dr 0.I.Sindoni, CRDC, Aberdeen P.G., Md. :i

USA. i ‘;

The research reported in this document started in November 1983 and ;ﬁ

is, at presant, under further development. In fact, the subject is rather promi- ;3

sing an-. far from exhausted so that I plan to continue along the lines sketched T!

below even after expiration of the present contract. .fﬁ

In view of the vastness of the subject, I will presently deal with
two particular aspects of the scattering from moving objects. First of all I will ;i

consider the effect of the change of shape of the scatterers as a consequence of ::]
mutual collisions. This model is that commonly used to describe chemical reactions
and is thus of wide interest. The second aspect I will deal with is that of the
scattering properties of particles of very high and very low refractive index,
with possible onset of resonance scattering. As will be seen below this phenome-

non has been widely studied in the past more as a mathematical curiosity than as

a true physical effect. However, as a consequence of general covariance of the

laxwell equations under holonomics space-time transformations, it may happen that,

.

.
1 «

a fast-moving, scattering particle may appear to an observer in the laboratory as

e T T e
. s,

an object of very high or very low refractive index. Although the investigation
ke . )
3 of this particular subject is far from complete, I will present here sone prelimi-
4
:g nary results which may be interesting for other researchers in the field.
e
i
b
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PART A

EFFECT OF THE CHANGE OF SHAPE OR OF RECOMBINATION OF SCATTERERS ON THE OPTICAL

PROPERTIES OF A POLYDISPERSE MODEL AEROSOL

Let us consider a homogeneous medium within which a number of scatte-
rers are uniformly dispersed. The scatterers need not be all identical to each
other but may be of several kinds, as is the case in polydisperse aerosol. I also
assume that the scatterers are nonspherical but that their individual scattering
properties can be well approximated by modelling them as clusters of spheres. The
collective optical properties of the dispersion can be calculated by studying the
features of the coherent propagation of the electromagnetic field. Strictly spea-
king, to be completely correct one should include in the equations for the propa-
gation the effects of multiple scatterings among different scatterers and the ef-
fect of motion of the single scatterers. However the former effects can be negle-
cted if one restricts itself to dispersions of low density as is the case of actu
al aerosols; as for the second effect it is well known to produce broadening of
the peaks in the spectra of the single scatterers and no further detectable effects
in view of the low speeds attained by the scatterers in actual aerosols. Anyway
the effect on the collective spectrum of the dispersion is further smooted on acég
unt of the random and uncorrelated motion of the scatterers.

As a consequence of the above consideration our effort has been directed to see if
some effect is detectable when, as a consequence of their motion, two or more scat
terers collide and recombine to give scatterers of different structure. As will be
seen in the following paper, which is the final version of a paper enclosed as a
part of the Second Periodic Report, and that has been accepted for publication in
I1 Nuovo Cimento B, the effor* has been successful for the change of shape is quite
detectable in spite of the simplifications we assumed to reduce the computations.
Before closing this section I want to stress that the content of the

above mentioned paper has been presented at the 1st Int. Conf. on Aerosol Res. and




Tech. held in Minneapolis, Mn. USA from 17 to 21 September 1984.

Furthermore I attended to the 4th Annual Meeting of the sector '"Spectroscopy"
of the Gruppo Nazionale di Struttura della Materia, held in Alghero, Sardinia, -
from 11 to 13 October 1984. In this meeting it emerged a new interest in both f'fﬂ
the experimental and theoretical aspects of physics and chemistry of clusters :E'V
by the comunity of italian researchers. This circumstance and the results ob- -
tained in the past incourages me to continue the research outlined above even -

after the expiration of the present contract. ;L?:
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Effect of the « Chemical Reactions » on the Abcorption

Coeflicient of a Polvdisperse Model Aerosol (7).

R. Sa11a and G. Toscaxo

Istitute di Struttura della Materia del Untversita - 5100 Meovana, Jtcha

0.1. Sixpon1
Chemical Eesevrel and Development Center - Abcrdeern P.G., MD 21010,

F. BorGHESE and P. DENTI

Jstituto 41 Struttura delle Maleria dell’ Unirersita - 98100 Mersina, lalia
Gruppo Naszionale di Struttura della Materia - Sezione di Mersina

ricevuto 11 & Giugno 1984, mano~critto revisionato ricevuto 1 18 Scttermbire 19543
[ -4

Summary, — In a preceding paper the abeorption coefficient for the
proparation of the electromagnetic field through & low-density disper-
g100 of nonsphencal scatterers of randomm onentation wuk caleulated
by modelling thew as clusters of #pheres. In tne paper the epberes are
aliowed to rearrange among the clusters o snnulate chemical resctrons
and the changes induoced on the absorption coefhicient of the digpersion
are discursed in-a few sipnificant cases.

PACS. 42.20. - Propagation and trans:nigsion in inhomogeneour media.

1. - Introduction.

It is well established through experimental measurements that the refrac-
tive index and the absorption coefficient of a dispersion of identical seatterers

(*) Work supported in part by C.N.R. through the G.N.S.M. and in part by the
U.S. Army European Research Ofhee through grant DAJA45.84.C.0005 aud contract
DAJA37-81.C-0895.
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pensibly depend on their ghape (4) In order to compare the experimental
resulte for the propagation tooeugh setus] medis vith the theoretics! predie

tions, two uppioaches are mainly used: the effective dielectric-constant theo-

rier (**) (e.g. the Muxwell-Garnett theory and the effective medium theory) Ko
and the coberent field theories (23%) (e, the caleulistion of the coberent prop- e
agation of the eJectromugnetic field through an assembly of seatterers). Even l
the effeets of the size distribution (), of agrreration of particles (¢**) and of ,
1he orientation of the scatterers (111?) were ftudied through these approaches. i'_':.-:'

For what concerns the theoretical investigatious several avthors dealt :‘i-:“
i Gifferent wayas with the seatiering by individual nouspherical objects (14 1%). "Lj:
In purticulsr, the present authors (%) oy well as GEnauDY aud AvUsLoos (W) “ g
proposed independently to mode]l rome kind of nonspherical sestlerers as “\

clusters of spheres The individual optieal respense of these model seatterers
cil be eflectively caleulated as a function of their orientation with respect to §
the incident field. Furthermore, in the frumework of the coherent field theory _i
we recently devised (0*) an original formalism intended to study the efects ;

of the anyrotropy of the scutlerers on the propagzation of the electromagnetic
field through a low-density random distribution of clusters of spheres. In our
formulisin, the choice 10 use elusters of spheres as model scatterers sllowed us, )
by the use of thelr specifie features, 10 study the propacation through an as- - “j
tembly of reatterers having a high degree of complexity. Op the other hand, :
the randomuess of the diwiribution and the choice of the low-density limit,

'y M. Kreser, W @ Faraoxr ard £ Marrrevie: J Opt. Soe. Am., 53, 75% {1860
(*) W.A. Faroxr, M. Kerkek and E. Mamirevic: in Electromagnetic Ecattering,
edited by M. Keeker (Oxford. 1463;.

(*t W. HeLLEr: in Electromagnetic Scatternng, edinted by M. RErker (Uxford, 1%63).
) R.T. Waxg. J. M. GreEvBERG and D W, ScurEruax: Opt. Lett, 6, 543 (1981).
*) J.C. MaxweLL-GArNETY: Philos. Trans. E. Soc. London, 203, 385 (1904).

(*} P. CLirre, R. EvrarD and A.A. Lvcas: Phys. Rer. B, 14, 1715 (1976).

(") P. CHYLER-and V. Srivastava: Phys. Rev. B, 27, 5098 (1983).

() P. CntfrEx. D. Boict and R.G. Pixxick: Phys. Rev. B, 27, 5107 (1083).

(" J.M. Gtraepy und M. Avsroos: Phlys, Rer. B, 26, 4703 (1982),

(**) V. K. Varnapan, VONOBringt and VoV, Vanatas: Pigs Rev. D Y9, 2420 (1879,

<

A (") V.V, Varavax and V. K. Varavax: Phys. Ker. D, 21, 386 (1980).

{(**) F.BorGHESE, P. DExT1, R. Sana, G. Toscaxo and O. 1. S1xpo%1: Nuovo Cimento B,

- 81, 29 (1954). =

-~ (M) P. Curre and M. Avsieos: Phys. Status Solidi B, 110, 211 (1982).

F (*) P.C. WateruaN: Phys. Rev. D, 3. 825 (1971).

- ) P.W. Bargek and D.S. Waxg: Appl. Opt., 17, 797 (1978).

5 (*) S. LEvixk and G. 0. Onaore: J. Colioid Interiace Kci., 27, 442 (1968).

i (") F. Borauesy, P. DExTL. G. Toscano and 0. 1. S1vpoxi: Chemical Systems Lab-

s oratory Special Pnblication ARCSL-SP.81008 (September, 198)); F. BoOkGHESE,

i P. DENTI, R, Salia, G. Toscaxo and O.1. SINDONT: Aerosol Sei. Tech., 3, 225 (1984),
(**) J. M. GErakpy and M. AvsLoos: Phys. Rer. B, 22, 4950 (1980).

r' (*) J.M. Gtrarpy and M. AvsLoos: Phys, Rev. B, 25, 4204 (1982).

-
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Ietting us disrezard both the statintical averazing procedutes aud the offee
of multiple rcittering umong difterent ehusters, nonctheless allowed us 1o evy-
dence the anysotropy efleets ju which we are interested. Tu spite of the pre-
valentinterest in metallic keatterers (2 73}, we resolved to include into the clusters
only diclectrie, t.e. noncouducting, splieres with frequenev-independent re-
fructive index; in this way the effeets of the ponspherical shape of the jiucividual
clusters are not masked at all and prove te be quite iwnportant.

Sinee our formalism of ref. (37) also applies to dispersions containing more
than one kind of identical scatterers (e.g. polvdisperse acro<ols), the cluster
model is very guitable to describe the effects induced on the seattered field by
modifications of the individual seatterers. Such modifications ean, in turn,
be deseribed in the frumework of the model by rearrangements of the spleres
either within the same chuster or among different clusters. This mechanism
could be identified with that of the chemical reactions as long as a cluster of
spheres can represent a molecule from the point of view of ¢lassical optics.

In this paper we intend to show the cffects of the above-mentioned ¢ chemical
reactions » on the absorption coefficient of the dispersion of scatterers. There-
fore, in the following rection, we concisely report our formalism for the ab-
sorption cocflicient of a low-density random dispersion of clusters. In the last
section we apply the formalism to the dispersions of the elusters modelling the
¢ reugents » and the e« products » of a few rample « reactions »; then we collect
the results of the caleulations so that the effvcts of the ¢ rewctions » are prof-
itably displafed.

We conclude these introductory remarks by observing that, even in this
paper, we conrider only clusters of dielectric spheres, i.e. nouconducting, with
frequency-independent refractive indices because we want to single out the
influence of the structural modifications of the seatterers: in any case our
formalism can be applied to clusters of conducting spheres with refractive
indices obeying some dispersion relation.

~

~——

2. — The constants of coherent propagation through a dispersion of clusters.

Referring elsewhere for further details {*2), here we eviiisely recall how
the refractive index and the absorption coefficient of a dispersion of identical
clusters within a matrix can be calculated. In the formalism reported below
the dispersion of clusters is assumed to be random and its number density low

{*) J.D. Evircorr and H. P. Broipa: Phys. Rev. B, 15, 1644 (1977).

(') C.G. GranpQvisi, N. Caranper and O. Husper): Solid Stale Commun., 31, 248
(1979).

(") F. CLaro: Phys. Ree. B, 25, 7875 (1982).

(*) R. Rurrin: Phys. Rec. B, 26, 3440 (1952).
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enough to allow vs te distegard the nmlupleseattering effects among dif.
ferent dusters. We slso wssume that the spheres in the elusters ac well us the
matrix including them are made of i<otropic, homogeneous diclectric materinls,

Let uvs congider whatever low-density disperrion of seatterera and send
througl: it the circulurly polarized pline-wave field:

E, =\"2E,u;exp[ik-r], iB,=yE,,

where
u, = (€, + 1ne,)\/2
with
€, € = 0.,

and v = %1 according 10 the belicity (**). The (complex) refractive index
matrix of the dispersion is consequently given by (23)

2

-’Vnr.=bn'n+ "—k,ZI",nny

where the index » numbers the scatterers in the volume ¥ oand f, | is related

to the normalized forward-seatiering amplitude of the 1-th scatterer through

.
j.,', n = uv'.-fv.q i

g

The absorption coofficient and the customary refractive index of the dispersion
are given by (%)

Y = 2k Im (J"vm) y n, = Re (Az) y

respectively.

Now we recall that f, , ir independent af the location of the »-th scatierer,
but does depend on its orientation with respect to the incident field. There-
fore, if the Jow density of the dispersion is not too low, we can substitute f, . (6)

for j anud write

1'n
. 2x (..
A= 6.-,,-*-"—_; N(6)fna(6)d6,

where the argument 6 is a collective symbol for the Euler angles that individuate
the orientation of the scatterers and N(§) is the number density of the scat-
terers with orientation 6. At this stage we spocify the scatierers in the dispersion

*) J.D. Jacksox: Classical Electrodynamics (New York, N.Y., 1933).

{**) R.G. NEWTON: Scatlering Theory of Waves and Particles (New York. N.Y.; 1966).
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as clusters of gpheres und assume that their crientation 18 rsndom. Then we
express [, (6) in terms of the arephtudes of the multipole fields seattered by
any cluster with orientation 0 and, muking full use of the features of the cluster
medel, we succoedod in factorizing this quantity into a part depending ouly
on the structure and a part depending only op the orientation. This allows
us to perform the integration over the orientation analytically with the result

(1) An=dunt 3 T W SO s + 0 Ul )
g

For later purposes we rewrite

(2) -A’n'n — én'n + N z fn ne Sn Ny
4
where we define

11 .
Evl'ql = E’L—‘ oL + 1 Z Wy,'LHW"LN ’

1 = i
Sr)'v,l. = k_' Z (U;,‘:’.uu - WIU::L‘l'ut' .
=
In the:above equations N is the number density of the clusters; the quantities

~

W= L-zi‘\/?uq-le(k) :

where the X, s are vector spherical harmonics (**), are proportional to the
multipolar amplitudes of the incident plane-wave field: the matrices L_’;_" and
U:‘,", whose mcaning will be discussed below, have s rather complicated ex-
pression for which we explicitly rely upon ref. (1).

By their very definition the W's and consequently the £'s depend only
on the direction of the wave vector of the incoming field. The U's us well a8
the &'s de\pend on the magnitude of the wave vector of the plape wave and on
the refractive indices of the spheres constituting the (identical) clusters in the
dispersion. The U's account alse for the structure of the clusters ané nesd
0 be calculstod once for all referring to a cluster whatever with arbitrary
orientation. As a matter of fact, the U’s are responsible for almost all of the
amount of computations required by eq. (1) because their calculation implies
the inversion of a matrix of order 2N,L, (Ly + 2), where N, is the number
of spheres in a cluster and L, is the least value to which the sum over L must
be extended 1o obtain well-converged resnlts. The convergence of the multipolar
expansion on which eq. (1) is grounded has been discussed elsewhere (*-**);
of course we shall return to this subject when considering the specific com-
putation reported in the next section. Finally it is usefull to recall that, if the
clusters possess symmetry elements, such as reflection planes snd symmetry
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axen, proup theory can substantially help to compute the Uk for it implins
the dnversion of matrices of smaller order than otherwine (*¢%7),

3. - Changes in the abcorption coeflicient caused hy « chemical reactions ».

In the case of a tow-density dispersion contsining more than one kind of
clusters, eq. (2) becomes ()

-~ _ N o
‘Ar,'v, = ér] s, 'nir A Z c, Ev,'vllsn, vy
a.l

where the index a refers to the a-th kind of clusters with number density
No= Nca.

Now, it is well understood that, if a « ¢hemical reaction» rearraunges the
spheres among the clusters, it delormines, starting with the relative concen-
trations c. of the ercagentsa, the relative concontrations dp of the ¢ reaction
products » as well as those of the s residues of the reactions, ¢, (at least one
of these latter is zero when the o reaction» is over). Therefore, we can cal-
culate the absorption coeflicients before and after the « reaction » and denote
thom by

va=¥2XeZ,
and
y;”"—" N (}_‘ c;Z"I + Zdﬂzﬁn) .
. [
respectively, where

z,=2kIm (3¢,,8,,,)

1

Clearly, a very useful quantity in detecting the etructural eflects on the ab-

sorption is - - ’
~——

L (1—plyt
r":__P)’, N Bl =pd,+1,

where p is the completion index of the ¢ reactions» (0<p<1), and

(V]

AQ=&'-‘—1.

té)
[

In the following part of this section we present the results for a few ¢ chemical
reactions ». Before any explanation and comment, however, we want to stress
8 point to avoid any substantial misunderstanding of the purposes of the
present work. Our results refer to sample calculations, indeed, and do not
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pretend to give a realistic deseription of aetual optical phenomena: too maay
detuils abould be added 1o the very schematic cluster model. Consequently
one should not bother neither shout the choiee of the parameiers defining the
structure of the clusters nor about the possibility of the o raactionss in the
assumed low-density himit of the dispersion. We confirm that our question is:
if the riructure of the cluster chunges, how much ix the abrorption cocflicient
aflecled?t The results we ale ;!Uiu;_' to discuss tnehe U~ aniswer that, b Lol o,
these changes of structure modify to a significant extent the coberent prop-
agation of the field through the dispersion.

The e reactions » for which I was actually computed are listed in tsble 1.

TasLe 1. = List of the areactions s conridired an this paper. The refractive indices
and radii of the elewents ALB and € are n, = 1.30, ny = 1.50. n. = 1.40 and
r,= 10y, r,= 0.50u,, ro= 0.75u;,, where u, is an arbitrary unit.

Reaction Example
1) 3B,—27, 30, —~ 20,
2) 2AB+B, — 24AB, 2C0+0, —2C0,
3) 2AB,+B,— 2AB, 280,+0, — 2350,
4) A,-33, - 2AB, N,+3H, —2XNH,
5) AC+3B, — AB,+B,C CO0+3H, —-CH,-H,0
6) 24B,+C, — 2ACB, 2PH,+0, — 2POH,
7) Cy+AB, — AB,C+BC Cl,+CH, — CH,Cl+HCl}
8) 2¢,+AB, — AB,(,+2BC 2Cl,+CH, — CBH,Cl,-+ 2HC]
9} 3C,+AB, — ABC,- 3BC 3Cl,+CH, — CIiCl,~ 3HCI
10) 4C,+AB, — AC,-4BC 4Cl,+CH, — CCl,~4HC]

A, B and C label the spheres with the refractive indices n, = 1.30, a, = 1.50
and n, = 1.40, and the radii r, = 1.0y, r, = 0.60u, and r. = 0.75%,, respec-
tively, where w, is an arbitrary unit. The clusters are individusted by their
« chemical formulae » in terms of the « elements» A, B and C, and their struc-
tures are built so as to match those of the chemical compounds listed under
the heading ¢« EXAMPLE». Since the radii and the refractive indices of the
spheres are assumed not to change due to the s reactions s, changes of « valence s
or ¢ bonds » are not accounted for. In table I the e reactionss are partiticned
into three groups: the first group, « reactions» 1 =4, where only the spheres
A and B are implied; the second group, e reactions» 5 and 6, where also the
spheres C are implied; the third group, that includes the family of +reac-
tions » 7--10.

In table II we list the clusters as well as the ereactionss in which they
are invelved according to table 1. We also report the co-ordinates of the centret
of the spheres to complete the definition of the structures; in this respect one
can observe that the neighbouring spheres touch each other.

Figure 1 shows, for p = 1, I', with 5 = 1 vs. k for the « reactions » included
in the first of the above-mentioned groups. For completeness we report in

+
}'. -
Ve
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Fig. 1. - Plot of T ea & for 3= 1 for the ercactionss 1.4 of table 1.

Fig. 2. - Plot of g, v+. L for the clusters nuphed i the ercactions » 14 of table 1
The dashed curves refer to the sreagentrns and the sohid curver to the ereaction
products ».

with the ssme value of 5, ra. k. In the above equation NaZa, i6 the absorption
cocflicicnt of » dispersion contaiviug ouly elusters of the a-th kind aud o numbers
the clusters that oceur in the sresctions» of the group under consideration
(in this case the first). Furthermore,

10) __ fot)
ZB - zo- !

tE>

TabLE 1. - Co-ordinates of the centres of the spheres constituting the clustera inplied
in the ereactions s of talle 1. The co-ordinates refer to each spbere in the same order
in which it appears in the name of the cluster. The ¢ reactions s in which eack cluster
is implied according to table 1 are aleo listed.

Cluster  Co-ordinates Reactions
B, {—0.5,0,0) (0.5, 0,0 1.2,3,4.3
A, {(—1.0, 0, 0) (1.0. 0, 0y 4
C, {— 5.75, 0, G) (0.75. 0, 0) 6.7,8,9. 10
AB {(— 1.0, 0, 0) {0.5, 0, 0) 2
AC {(—1.0,0,0) (0.75. 0, 0} 5
BC {(— 0.5, 0,0) (0.75, 0. O) 7.8.8. 10
B, {0. 0.577 35, 0) (0.5. —0.28867, 0, {— 0.5, —0.28867, 0) |
AB, (0, 0,0) (—1.5,0.0) (1.5, 0, 0) 2
AB, {0, 0, 0) (1.22873, —0.§6036, 0} (—1.22873, —0.86036, 0; 3
B,C {1.02394, —0.716 97, 0) {— 1.023 94, —0.716 97. 0) 5
49, 6, 0) N -
AB, {0. 0,0) (0, 1.5, 0) (1.29904, —0.73, 0) {—1.29904, —0.75,0) 3
AB, (0.0, 1.384 44) (0.5, —0.855 67, 0) ¢ 6
(— 0.5, — 025567, 0. (0. 0.57735. O
AB, (0, 0, Q) (—0.86602, —aNG502, 0 ~5032) 5.7, .2. )

{(— 0.866 02, 0.866 082, —0.566 02)
{0.866 02, — 0.866 02, —0.86G 02) (0.866 02, 0.866 02, 0.866 02)

ACB, {0. 0, 1.354 43) (0, 0, 3.134 44) (0, 0.577 35, 0) 6
{0.5, — 0.285 67, 0) (— 0.5, 0.288 6%, 0)

AB,C {0, 0, 1.364 44) (0, 0.577 35, 0) (0.5. —0.28867, 0) 7
{— 0.5, —0.288 67, 0) (0, 0, 3.134 44)

AB,C, {0, —0.375, 1.45237) (0, 0, 0) (0. — 0.375, 2.95237) s
{0.75, — 1.0, 0} (—0.75, — 1.0, 0)

ABC, (0, 1.520 69, 0) (0, 3.02069, 0} (0. 0.666 02, 0) 9
{0.75, — 0.43301, 0) {(—0.75, —0.43301, 0)

AC, (0. 0, 0) (—1.00036, —1.01036, 1.01036) 10

(—1.01036, 1.01036, — 1.01036;
{1.01036. —1.01036, —1.01036) (1.01036, 1.01036, 1.01036,
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where @' is the tatal cross-section of the i-th sphere belonging to » cluster
of the a-th kind, caleulsted according to the Mie theory (**). Thorefore, N z?
is» the absorption coefficient of the dispersion of the clusters of the a-th kind
when the multiple-sesttering procosses among the spherss within each cluster
are disregarded. Ty, and gas for the reactiong of the second and of the third
graup are shown in the pairk of fig. 3-6, respoctively. We potice that, since all
the figures report the result for 9 = 1, this index bas been everywhore dropped.

Fig. 3. - Plot of T" va. k for p = 1 for the eresctions s 5-6 of tuble 1.

Fig. 4. - Plot of g, v». & for the clunterr implied in the o reactiones 5.6 of table 1.
The dushed eurves refer to the sreagente s and the solid curves to the o reaction
producte s,

Fig. 5. = Plot of I «s. & for p = 1 for the sreactionss 7-10 of tadble 1.

Fig. 6. - Plot of g, v&. k for the clusters implied in the «reactions» 7-10 of table 1.
The dashed curves refer to the ereagentss apd the solid curves to the ereaction
products .

Figures 2, 4 and 6 are not immediately comparable with fig. 1, 3 and 5,
respectively, on account of the difierent normalization; on the other hand, the
chosen normalizations render I, independent of N and g.r independent of N,
although it should be borne in mind that our results are valid only for low-
density dispersions.

All our calculations were actually performed for k ranging from 0.002u;™
to 2.0u;?, so that the wave-length of the incident field was allowed to decrease
to about the overall dimension of the clusters. However, in all figures, k ranges
only from 0.2u;’ to 2.0u;?, the interval in which the results show & more
striking k-dependence. We remaik, however, that within the whole k-range
the individual spheres have no resonance scattering as a consequence of the
assnmed radii and retractive indices (**).

Before discussirig the Tesults, we premise a few words about their con-
vergence. 1o this respect several authors deserved a particular attention to the
effect of the inclusion of higher-order multipolar contributions (**-%") so that
it may be useful 10 paint out that our approach (¥-*-%) as well as that of ref. ()
is rather different. Actually, our formalism, and Gerardy and Ausloos’ as well,
require that the amplitudes of the electric and magnetic multipole fields scat-

(*) J. M. GLrarDpY and M. Acsroos: Svrf. Sci., 106, 319 (1981).

(*’) F. CLano: Solid State Commun., 49, 129 (1984). '

() O.1. Sixpoxs, F. Boxeurse, P. DExT1 and G. Toscavo: Chemical Syntems
Laboratory Special Publication ARCSL-SP-81009 (September 1981}); O.1. Sixpony,
F. BorGunese, P. Dexty, R. Sana and G. ToscaNo: Aerosol Sci. Tech., 3, 237 (1984).
(**) F. Bokreursg, P. DEN1, R. Sana, G. Toscaxo and O.1. Sixpoxi: J. Opt. Soc.
Am. A, 1, 183 (1984).
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tered by a3 cluster be caleulated simultaneously as the solution of s syatem of
linear equations whose order increases with the truneation value of L, say L.
As a consequence any caleulation with Ly < L not only reglects the higher-
order multipoles, but also gives inaccurate values for the remaining multipolar
amplitudes. Indecd the multiple-scatlering processies among the spheres of
each cluster enhanee the strength of multipole fields of bigher crder (3137 3v.1¢)
50 that the L-expansions ciaunot be truneated to too low 3 value, whereas too
high values imply time-consuming computations and enormous meInory re-
quircments. Ag a wmatter of fact, we found that a quite reasonable L, = 4
ensures converged results for all the clusters considered here with I ranging
from 0.002u;’ to 2.0u;’.

From 2 general point of view, fig. 2, 4 and 6 show clearly that the multiple-
scattering processes amoug the rpheres of a clustor cannot be disregarded without
affecting dramatically the correctness of the results. Therefore, it is a very
reasonable prediction that structural modifications of the clusters csuse ap-
preciable variations of the absorption of the dispersion. As we anticipated,
this actually occurs: the I'-ratios are significantly different from unity for k
in the range from 0.002u;* to 0.2u;’. In fig. 1, 3 and 5, bowever, we see that,
when k increares, the efiect of the « resction » becomes smaller and smaller,
although for almost all the « reactions » I is significantly different from unity
at least up to k =~ 1.0u;’. In this respeet we remark that, in general, the more
the structure of the clusters is modified the more I’ remains different from
unity. Even the curves of g, in fig. 2, 4 and 6 the less differ from each other the
more similar are the structures. As an example, in fig. 1 the curves for CO,
and SO, are indistinguishable from each other. The component spheres are
identical for the two clusters AB,, indeed, and the structural differences are
too small to give appreciably different spectra also on account of the random-
ness of the orientations. We also notice the identity of the spectra of NH,
in fig. 2 and_PH, in fig. 4. According to table II, in fact, both ¢« compounds»
sre AB, and have the same piramidal structure. These spectra differ from that
of SO, in fig. 2, however, this latter « compound » is also an AB, but, accord-
ing 1o table 11, bus a planur structure.

In conclukion, the cluster model accounts for the nonspherical shape of
the scatterers 80 effectively that it renders the structural modifications quite
detectable. In this sense, and on sccount of the possible improvements, the
cluster model should be suitable for approaching the experimentally measured
properties of real aerosols.
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In un lavero precedente ¢ gtuto ecaleolato 1l coefhieiente & anorbinento per la propa.
gazione del emmpa elettromarnetieo attraverso una dispersione a hursn densita di dif-
fusori nan sferied madellizzandoli cone « cluster » di #fere. Iu questo articolo #) 2immette
che i cluster possano combize strottura in miniera da fimuline dille reazioni ehimicke
e 61 calcolino le consegnents vanazioni del cocfliciente di amserlimento delly dispersione
in sleunt cari significativi.
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PART B

RESONANCE SCATTERING FROM OBJECTS OF HIGH REFRACTIVE INDEX

1. INTRODUCTION
The study of resonance scattering from dielectric spheres is well

(1,2)

known in the literature, and its matematics is well understood . However this
effect actually occur only in spheres of very high refractive index, a feature
which in practice is not possessed by any particle of real aerosols. Nevertheless
the resonance scattering is able to explain a number of phenomena so that the as-
sumption of high refractive index has been accepted by several workers even with-
out a clear physical justification. We recall in this respect that the highest
refractive index turns out to be 9 for water droplets in the far in:irared.

Recently, Gérardy and Ausloos(a)pointed out that resonance scattering
is an actual occurrence for small metallic particles embedded in a dielectric ma-
trix. In fact, metals have a frequency dependent dielectric constant with a singu
larity at the plasmon frequency. At this frequency therefore the scattering cross
section of small metallic particles presents a sharp peak due to the high value of
the refractive index. This phenomenon is well justfied within the framework of so
lid state theory.

The situation is quite different for dielectric particles where the re
sonance of the free electron modes do not occur. Therefore in order to justify the
existenceof high refractive indexes we took'a different approach based on the ge-
neral-relativistic treatment of the dielectric constant and magnetic permeability
of a particle ir general motion. According to a paper of Anderson and Ryon 4), in
deed, on account of the covariance of Maxwell equations under holonomic space-time
transformations, it is possible to write the dielectric tensor of a material me-
dium in a form that takes account of the state of motion of both the medium and

the observer. Without going into the calculational details here we simply state

that the case in which we are interested is clearly that of an observer at rest
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while the medium, i.e. the scattering particle, is in general accelarated motion.
However, this is not the whole story, for to be able to impose the correct boun-
dary conditions across the surface of the particle we must also consider the ca-
se in which both the medium and the observer are in the same state of motion.
Combining these two cases through the appropriate space-time transformation, al-
lows us to conclude that for certain states of motion of the particles, an obser
ver at rest sees a scatterer of very high refractive index.

At this stage the formalism of general relativity is no further ne-
cessary for the assumption of very high refractive index can be inserted within
the customary theory of electromagnetic scattering. However, on account of the
above considerations the occurrence of resonance scattering from dielectric par-

ticles gains a physical justification.

2. RESONANCE SCATTERING FROM A SPHERE

The theory of resonance scattering has been introduced within the fra
mework of the formalism we developed to study the scattering properties of cluster
of spheres. As will be seen later this work has proved to be more hard than expe-
cted, so we w%ll give here only an outline and present some preliminary results.
However it is first useful to summarize the features of the resonance scattering
from a single sphere. To this end we recall that the scattering properties of a
sphere of radius r and refractive index n1 embedded in a homogeneous medium of re
fractive index n,, are determined by the amplitudes of the scattered multipoles,

. (2)
ag and QB‘ As shown in standard textbook these can be cast into the form:

W @ W () = M Wy (P) Wy ()
Go W) - M e (P G (@)

(1a)

Op




o W (@) Wy () = W (AW (2)
G o @)y (B) - APy (P) G ()

by (2a)

I

where
a = QWTVMZ/AW:KY‘, b /5: m o

.A.being the avelength in vacuo and n=nj/n,. The Riccati-Bessel functions, Y, and
G, are defined according to Kerker(s)
Now it is evident that if the éenominators of eqs(1l) vanish for any
value of A, and for a given £, the corresponding a, and by become infinite while
age and bL' for £#2' become very small. This phenomenon is known as resonance scat
tering of order £. Note that, as shown by Van de Hulst(2), ae ﬁ’b{—l at resonance.
Owing to the presence of the complex functions‘gi. however, the denominators of
eas. (1) cannot vanish for any real value of & and/e . Nevertheless, provided kr«1
and n>»1 there exist complex zeros with a small imaginary part. When one puts the
real part of these zeros into eqs{1) one gets values of a, and bg that, although

very large are not infinite. As a matter of fact one has to put kr=z0.1 or less

and chose n of order 50.

3. RESONANCE SCATTERING FROM A BINARY CLUSTER

The above considerations suggest to study the effect of resonance
scattering from a cluster of spheres in order to get information on the optical
behaviour of certain kind of nonspherical impurities embedded in a homogeneous
matrix. We started our study with a binary cluster in order to reduce the computa-
tional effort.

The first stage of the research was to find, for a given kr, the re-
fractive index which produces resonance in the single spheres of cluster. Actual

ly the search was made for'l=1,3,5 and for kr=0.1. The results are summarized in
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fig.1l where the most striking feature is the indistingushability of the curves
for different 1 even for the value of the main peak.The value of the scattering
cross section 0% at resonance is indicated on the figure. The n of resonance,
actually 7245 was then introduced into the theory for the scattering from a
cluster for several values of the direction of incidence. In practice fig.2 and
fig.3 report only the results for broadside («7=90°) and head-on (49EO°) inciden
ce. The most interesting feature of fig.2 is the apparence of staellite peaks for
values of n that are not of resonance, while in {ig.3 some of these peacks disap
pear. This disappearence suggest the onset of some kind of shadow effect for head
-on incidence, but the very origin of the satellite peaks is rather puzzling, as
they were quite unspected on the basis of the general theory. We make the hypote-
sis that the satellite peaks originate from the concurrent effect of two circums
tances. First of all the fact that, as mentioned above, ?l;: bl-l' at resonance;
second, the formalism we use to calculate the scattered field from a cluster, in
cludes the coupling of all multipoles, up to order 1, of the constituent spheres.
Since even the coupling of electric with magnetic multipoles is taken into accou
nt, it may well happen that the sum of the above two circumstances produces peaks
in bC-l which though not as high as those of %d are shifted with respect to these
latter. In any case this is at present only a reasonable hypotesis whose reliabi

lity is to be further investigated.

4, CONCLUSIONS AND LINES OF FUTURE PROGRESS.

The results illustrated in the fi ‘ures are rather interestiﬁg but la
ck a reliable explanation. A careful analysis of the mathen;tical circumstances
is, in fact, necessary in order to understand correctly the origin of the satel

lite peaks. This can be done performing the computations for highest values of £




and for clusters of more complicated structures than the simple binary cluster
consided thus far. Furthermore, the possible drop in numerical accuracy in the

. vicinity of the peaks should also be taken into account as a consequence due to
the core storage limitations it is necessary to modify the present version of
our programs so as to allow treating big clusters and/or large values of £. This

has already been done during our stay at the CRDC, last summer. The modified ver

sion of the program is at present under test and we plan to use it in the near
future,

The details of the structure and the use of the modified program will " erd

be described by prof. Borghese in its next report on Contract DAJA37-81-C-0895. !!
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FIGURE CAPTIONS

Figure 1: Scattering cross section of a sphere for kr=0.1 as a function of the

refractive index n. The curves coincide for £=1,3,5 and the hight of

-3
the main peak is 3.26x10 .

Figure 2: Plot of 65 for a binary cluster as a function of n near the resonance

for broadside incidence.
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Figure 3: Plot of 0 for a binary cluster as a function of n near the resonance

for head-on incidence.
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